Current understanding of collective behaviour in nature is based largely on models that assume that identical agents obey the same interaction rules, but in reality interactions may be influenced by social relationships among group members. Here, we show that social relationships transform local interactions and collective dynamics. We tracked individuals' three-dimensional trajectories within flocks of jackdaws, a species that forms lifelong pair-bonds. Reflecting this social system, we find that flocks contain internal sub-structure, with discrete pairs of individuals tied together by spring-like effective forces. Within flocks, paired birds interacted with fewer neighbours than unpaired birds and flapped their wings more slowly, which may result in energy savings. However, flocks with more paired birds had shorter correlation lengths, which is likely to inhibit efficient information transfer through the flock. Similar changes to group properties emerge naturally from a generic self-propelled particle model. These results reveal a critical tension between individual-and group-level benefits during collective behaviour in species with differentiated social relationships, and have major evolutionary and cognitive implications.
C ollective behaviour occurs throughout nature and conveys numerous benefits, from predator avoidance to social learning 1, 2 . Numerous theoretical models have shown that simple rules for local interaction among individuals can generate coordinated, cohesive group behaviour similar to that found in natural systems ranging from microbial mats to the spectacular displays of fish schools, bird flocks and even human crowds [2] [3] [4] . Following the traditional and successful paradigms of statistical physics, models typically assume that the individuals that make up these groups are identical. In nature, however, group members may vary substantially in their individual characteristics and social relationships 5, 6 . As such, existing modelling paradigms may be unable to address broader ecological and evolutionary questions 7 . Recently, therefore, researchers have begun to emphasize the role of individual differences, showing that accounting for individual variation in local interaction rules can change group behaviour 6, 8 . The differentiated social relationships that characterize many animal societies are particularly likely to influence collective dynamics 9 because individuals in many species, including many birds 10, 11 , mammals 12 and, of course, humans 13 , are frequently observed to stay close to and move together with those with whom they share a strong social affiliation. Computational models of collective movement incorporating social network structure 5 suggest that social relationships can modify the spatial positions of individuals within groups 14 , as well as overall group cohesion 15, 16 and polarization 16, 17 . However, empirical data on the effect of social relationships on interaction rules and group behaviour remain very limited 13, 15, 18 . Critically, no study has examined how the existence of differentiated social relationships within groups influences the energetics and dynamics of group movement or the transmission of information through the group.
Bird flocks are among the best studied and most spectacular examples of collective behaviour in nature. However, although many avian societies contain long-term, stable relationships such as reproductive pair-bonds 19 , theoretical 20, 21 and empirical 22, 23 research has largely ignored the impact of social bonds on flocking.
Jackdaws, a highly social corvid species, form lifelong monogamous pair-bonds and bonded partners remain in close proximity throughout the year [24] [25] [26] [27] [28] (see Methods for further details). These close bonds are reflected in winter flocks, where photographic snapshots show that individuals commonly fly particularly close to one other flock member 11 . Here, we investigate how pairing influences individual movement interactions, flight performance and group-level properties of flocks. We recorded and tracked the three-dimensional (3D) movement of wild jackdaws in six flocks for periods of 3-5 s (Supplementary Table 1 
Results and discussion
First, we confirm that, contrary to existing flocking models that assume a homogeneous distribution of individuals in a group 20, 21 , discrete pairs exist within these flocks. Strong statistical evidence for pairing is seen in the radial distribution function G(r), which measures the normalized likelihood of finding a neighbour at distance r from a focal bird. In jackdaw flocks, G(r) consistently shows a peak for values of r smaller than the mean nearest-neighbour distance, 〈D i,n = 1 〉 (Fig. 1b and Supplementary Fig. 1 ), indicative of a substantial number of birds that fly anomalously close together. Here, the symbol 〈 〉 denotes an ensemble average over different birds. We find additional evidence for pairing by examining the joint probability density functions (PDFs) of D i,n = 1 and D i,n = 2 ( Fig. 1c and Supplementary Fig. 1 ), which show two distinct regions of high probability that we label lobes I and II. In lobe I, D , but in lobe II D i,n = 1 remains small even as D i,n = 2 increases (thereby reducing local density). Both the small-r peak in G(r) and the presence of lobe II in the joint PDFs are consistent with the existence of pair-bonded birds that remain close together regardless of other conditions in the flock. We therefore define two birds i and j as being paired if their separation distance is smaller than (1/2) 0.5 × min{D
} when averaged along their entire measured trajectories (see Methods for details). The instantaneous percentage of paired birds, P paired , ranges from 5 to 80% (Supplementary Table 1) .
After discriminating between paired and unpaired birds, we studied how pairing affects local interactions between individuals. We found that unpaired birds tend to exchange neighbours slowly, while paired birds maintain an almost fixed distance to their partners ( Fig. 2a and Supplementary Fig. 2 ). Paired birds exhibited a spring-like response to their partners 30 , with acceleration increasing linearly with distance ( Fig. 2b and Supplementary Fig. 2 ). In contrast, the long-range attraction was much weaker between unpaired birds and their nearest neighbours, probably because they responded equally to multiple neighbours (see below) 30 . Typical flocking models assume that all individuals, regardless of their identity, have the same interaction range, whether topological (that is, a number of neighbours) 20, 21 or metric (that is, a distance in space) 3 . In contrast, we find that the interaction range is strongly dependent on whether the focal bird is paired. Following the method used for analysis of starling flocks 22 , we calculated the topological interaction range by measuring the anisotropy factor, γ (see Methods), of the spatial distribution of a focal bird's nth neighbour. Empirically, γ decreases with the topological rank n; we define the interaction range as the value of n at which γ reaches its isotropic value (γ = 0). For unpaired birds, we find that individuals interact with seven or eight neighbours on average (Fig. 2c) , similar to what has been found for starlings 22 . However, for paired birds, the magnitude of γ(n = 1) was much higher than for unpaired birds and γ decreased to 0 at a faster rate, with γ(n = 3 or 4) ≈ 0 (Fig. 2c) . This finding indicates that paired birds have a reduced interaction range, interacting with only half as many neighbours as their unpaired conspecifics. This interpretation is consistent with our measurements of the alignment of birds with their neighbours, as we found that paired birds align less well than unpaired birds with their neighbours (excluding n = 1; Fig. 2d and Supplementary  Fig. 2 ). This smaller interaction range may possibly be due to the additional cognitive constraints associated with having to keep track of, and respond to, one specific partner among the flock. In addition to social relationships, individual variations such as a propensity to be found near the group centre have also been reported as affecting interaction ranges 8 . Because the reproductive costs of losing a partner are substantial, birds with long-term, monogamous pair-bonds may benefit from keeping track of their partner throughout the year, even when flying within dense flocks 11, 19, 24 . Given that paired birds respond to the movements of fewer neighbours within flocks compared to unpaired birds (Fig. 3a) , it is also possible that flying in pairs provides energetic benefits. To investigate this, we compared the flight performance of paired and unpaired birds flying in flocks and alone ('alone' being defined as having D i,n = 2 > 5 m), all in the same cruising flight mode 29 defined by |u 3 | < 1 m s -1 and |a| < 5 m s -2
. Since we did not measure birds' metabolic rates, we estimated the power output in flight via wingbeat frequency 31, 32 (by application of a continuous wavelet transform to the wing motion 29 ; see Methods). According to measurements of similarly sized birds 32 , an increase in f wb is highly correlated with an increase in mechanical power output at flight speed |u| > 10 m s -1 . Given the similarity in size between jackdaws and the birds studied in ref. 32 , it is reasonable to assume that the relationship between f wb and mechanical power is similar here. For |u| > 10 m s -1 , birds flying in flocks had a higher f wb compared to , showing two lobes of high probability: lobe I corresponds to unpaired birds, while lobe II represents paired birds. All data are from flock No. 1 (data from other flocks are shown in Supplementary Fig. 1 ). 31 . One possible reason, as has been proposed previously 29, 31 , is that birds have to coordinate with others in group flight and manoeuvre more rapidly to avoid collisions. If this explanation were true we would expect that, when flying in flocks, pairing would lead to a reduction in energy consumption due to the reduced interaction range. Indeed, we find that the magnitude of f wb for paired birds in groups is lower than for unpaired birds at |u| > 10 m s -1 (Fig. 3b, Supplementary Fig. 3 , Supplementary Table 3 and Supplementary Data 8). Such differences are not caused by a local density effect 29 , since paired birds may fly either in denser or sparser regions within flocks ( Supplementary Fig. 4 ). Thus, flying with a partner appears to provide important energetic benefits relative to being unpaired within the flock.
Next, we investigated how the presence of pairs within flocks affects the potential sensitivity of the flock as a whole. The ability of animal groups to respond collectively to perturbations such as predator attacks is dependent on the efficient transfer of information, so that individual changes in behaviour spread throughout the whole group 2, 23 . One indicator of efficient information transfer is a large velocity correlation length 20, 23, 33, 34 . We therefore calculated the correlation functions of the velocity fluctuations, C(r), and defined the correlation length, r 0 , by C(r = r 0 ) = 0 (ref.
23
; see Methods). Sample velocity fluctuations and correlations are shown in Fig. 4a,b . At small r, C > 0, meaning that a change in the velocity of an individual is associated with similar changes for other group members separated by those distances. As r increases, C slowly decays, indicating that the motion of birds separated by larger distances is less similar. The distance r 0 at which C drops to 0 quantifies the range of this similarity, and is thus an indicator of how efficiently behavioural changes by certain individuals propagate through the group. Comparison of different flocks reveals that increasing P paired leads to a shorter r 0 /L, where L is the group size ( Fig. 4c ; Pearson's correlation = 0.32, P < 0.001). The scatter we observed is likely primarily due to the less than ideal convergence of the correlation functions computed for individual frames of data, as opposed to being averaged over many different time steps (see Supplementary Fig. 5 ), with some potential additional influence of different external environmental conditions. To test whether this trend might apply more generally to any biological system where individuals exhibit different interaction ranges, we ran a simple model of self-propelled particles using only alignment and repulsion rules 3, 35 (see Methods). We observed the same trend in this model (Fig. 4c) . Thus, the presence of social pairs within flocks appears to impose a cost on all flock members by inhibiting efficient information transfer. This is likely to increase the vulnerability of individuals to, for example, predator attacks 23 . As currently available data do not allow us to quantify explicitly how the reduction of correlation length affects the speed and accuracy of information transfer, the precise value of the global cost due to social relations remains unknown. Future modelling and experimental work is necessary to specify the details of this cost. We also found that increasing P paired reduced both group density (Pearson's correlation = 0.72, P < 0.001) and group polarization (Pearson's correlation = 0.18, P < 0.05; Supplementary Fig. 6 ), which may also reduce group cohesion and introduce additional costs for flock members.
Conclusions
Our findings suggest that social bonds have major impacts on the structure and function of flocks, and therefore have important cognitive and evolutionary implications. Research on collective behaviour typically treats flocking animals as 'mindless' agents following identical rules, but our results suggest that jackdaws may 
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NaTuRe eCology & evoluTioN face substantial cognitive demands to recognize and keep track of their partner in the flock. As jackdaws are highly vocal when flocking, these demands are likely to include the need to recognize their partner's calls within a noisy environment and potentially integrate acoustic and visual cues of individual identity 36, 37 . Similar cognitive demands of collective behaviour are likely to be widespread in species with stable social relationships. From an evolutionary perspective, we reveal a hitherto unrecognized conflict of interest: maintaining social bonds during flocking benefits paired individuals, but imposes a cost of reduced sensitivity to the environment for the flock as a whole. Determining how such conflicts are resolved is now critical to our understanding of the evolution of flocking and flock composition.
Methods
Study system. The jackdaw (Corvus monedula) is a highly social, colony-breeding corvid found throughout much of the Western Palaearctic. Individuals form long-term (commonly lifelong), monogamous relationships and both parents contribute to rearing the young 26, 38, 39 . During the winter months, large numbers of individuals, including mated pairs, unpaired individuals and juveniles, leave their foraging grounds in the early evening and aggregate in flocks that then fly towards roosts (often with staging stops at pre-roost trees) where they spend the night. Jackdaws often form mixed-species flocks with rooks (Corvus frugilegus) 11 but, to avoid any confounds caused by species differences, the analyses in this paper use only flocking events in which all flock members were jackdaws (identified by vocalizations and morphological characteristics). Further criteria for inclusion in the analyses were (1) a minimal flock size of at least 78 individuals, to allow robust measures of local density and interaction; (2) flock images were captured by all four cameras; and (3) flocks were moving primarily in one direction without making large-scale turns.
At our study sites in Cornwall, UK, more than 2,000 jackdaws were fitted with unique colour ring combinations for individual identification. Although colour rings were not visible within our images of birds in flight, we are confident that the pair-wise interactions we identified within flocks reflect pair-bonded mates flying together. First, data from our own and other study sites show that pair-bonded birds remain in close proximity to each other throughout the year [24] [25] [26] [27] [28] . In previous studies 26, 40 , paired jackdaws were regularly observed departing together from nests, perching positions and foraging grounds, including at times when winter flocks were setting off towards their roosting sites. In addition, we frequently saw isolated pairs of birds flying together 29 (for instance, in an eight-week period during the winter of 2017/18 we recorded more than 300 isolated pairs; Supplementary Data 7). Moreover, jackdaws are known to discriminate between the calls of different conspecifics 36, 41 and are highly vocal in flight, particularly when flying within large flocks. The ability to distinguish a partner's voice among the cacophony calls (the 'cocktail party effect' 42 ) is therefore likely to be critical in allowing paired birds to keep track of each other, potentially aided by the integration of acoustic and visual cues of individual identity 37 . Camera set-up and calibration. To track the 3D movements of birds, we used a stereo-imaging system with four cameras (Basler ace acA2040 90 µm, pixel size 5.5 µm, sensor resolution 2048 × 2048 pixels, ≤90 frames s -1 ) mounted on tripods. A typical arrangement of the four cameras is shown in Supplementary Fig. 7a . Two pairs of cameras were separated by ~50-60 m. The distance between cameras in a pair was ~8-10 m. All cameras pointed to the sky with an angle to the horizontal plane of 60°. We connected each pair of cameras to one laptop (Thinkpad P51 Mobile Workstation) via USB 3.0 ports. The laptops provided power to the cameras and served as data storage devices (512 GB solid-state drive and 2 TB hard drive). The four cameras were precisely synchronized using external signals generated by a function generator (Agilent 33210A). Each camera was fitted with a lens (Tamron, M111FM08) of focal length 8 mm and angle of view of 71°. The system was capable of imaging an area of 60 × 60 m 2 with an uncertainty of 4.0 cm pixel -1 at a height of 50 m. The overall imaging system is very portable and can be moved easily from one location to another on different days to ensure the capture of flock images.
Stereo-imaging relies on matching the two-dimensional (2D) coordinates of an object as recorded on multiple cameras 43 . A stereo-matching procedure requires knowledge of camera parameters, including positions and orientations (extrinsic parameters) and focal lengths and principle points (intrinsic parameters). We followed the procedure described in ref. 44 to determine these camera parameters. First, we flew a drone that carried two balls of different size (10 and 12 cm) through the tracking volume. The distance between the two balls was fixed at 1 m, which provided a physical scale for our calibration. We recorded a series of images of the two balls on each of the four cameras as the drone flew through the tracking volume. We then determined the locations of balls in each 2D image and generated more than 300 sets of matched points between the cameras. Using these matched 2D points, we approximated the fundamental matrix of each camera and the 3D positions of the matched points using an eight-point algorithm 43 .
Finally, the camera parameters were refined by sparse bundle adjustment 45 . A sample illustration of the 3D calibration points and camera positions is shown in Supplementary Fig. 7b .
Data collection.
We recorded flocks of jackdaws flying towards winter roosts in Mabe and Gwennap, Cornwall, UK, from December 2017 to March 2018. The birds typically left their foraging grounds in the late afternoon (when pair-bonded mates are often seen together) and merged as they flew towards pre-roosts or roosting assembly points. Since the flight trajectories were quite predictable, we were able to position the camera system at locations where flocks would fly overhead. The flock typically flew at a height of ~50 m at speeds of ~10-18 m s -1 . We were able to continuously track the flock for ~3-5 s at a recording rate of 60 frames s -1
. We thus obtained ~180-300 frames for each flocking event; six events are analysed in this paper. Wind speeds were typically <4.5 m s -1 . We assumed that birds in the same flock would experience similar wind speeds, particularly after averaging over a few seconds. We thus neglected the wind speed in our data analysis and report only group speed. Since the duration of our recording time was greater than the time scale required for unpaired birds to exchange neighbours (<2 s; Fig. 2a and Supplementary Fig. 2 ), it is highly probable that the tracking results captured typical flock movement. Indeed, ornithologists have long noted that the presence of discrete pairs flying together within jackdaw flocks is clearly evident even to the naked eye 40 .
Three-dimensional reconstruction and tracking. To calculate individual 3D trajectories of birds, we first located the birds on each image. Distinct blobs of pixels corresponding to birds were segmented by setting a global intensity threshold on images after subtracting the mean background averaged over 50 temporally consecutive images. For each blob, we calculated the intensityweighted centroid and treated this as the 2D location of a bird.
We matched the 2D coordinates for the same object across all four cameras to reconstruct the 3D world coordinates through triangulation. The matching process involved finding candidates located within a small tolerance of the epipolar lines. Supplementary Fig. 8 shows sample epipolar lines projected on camera 3, where each epipolar line crosses one or more birds. These matched candidates are combined to calculate the 3D locations using a least-squares solution of the lineof-sight equations 43 . When multiple 3D positions for the same bird were possible, we selected that with the smallest 3D ray intersection distance (that is, the residual of the least-squares solution). The ray intersection distances for the best matches were typically <0.3 m (about 50% of a bird's body size). When re-projecting the reconstructed 3D positions back onto 2D images, these overlapped with the bird images ( Supplementary Fig. 8 ). We solved the optical occlusion problem by associating every bird detected on each camera with a 3D position. Further details of the stereo-imaging procedures are given in ref. 29 . We linked the 3D locations for the same object over multiple time frames based on a three-frame predictive particle-tracking algorithm that used estimates of both velocity and acceleration 46 . This algorithm has been shown to perform well in intense turbulent flow 47 and midge swarms 48 . The velocities and accelerations were calculated by convolving the trajectories with a Gaussian smoothing and differentiating kernel 49 .
Measurement of wing motion and wingbeat frequency.
Following a method developed in our previous work 29 , we measured the wing motion and timevarying wingbeat frequency of each bird along its 3D trajectories. First, we detected the intensity-weighted centroids of each bird on images to approximate the birds' 2D positions (Supplementary Fig. 9a ). These 2D locations included both the low-frequency body motion and higher-frequency wing motion. Thus, the reconstructed 3D trajectories based on these 2D measurements included information from both body and wing motion (Supplementary Fig. 9b) . Here, the term body motion refers to the change in the bird's centre of mass when ignoring wing flap-induced body oscillation, and thus the body acceleration in the gravity direction measures only the change in potential energy. Since body and wing motions have well-separated frequencies, however, we were able to separate these in the frequency domain. We obtained the body motion data by applying a cut-off frequency in measured acceleration and then integrating the filtered acceleration ( Supplementary Fig. 9c ). By re-projecting the calculated body positions back onto the 2D images, we confirmed that the calculated body motion indeed accurately represented the bird's movement (Supplementary Fig. 9e ). The wing motion was then obtained by subtracting the body motion from the measured trajectories ( Supplementary Fig. 9d) . Finally, the wingbeat frequency was obtained by applying a continuous wavelet transform 50 to the wing motion ( Supplementary Fig. 9f ). As shown in Supplementary Fig. 9g , we were able to measure the wingbeat frequency along the birds' 3D trajectories. This sample trajectory shows a bird transitioning from flapping flight to gliding flight.
Identification of paired and unpaired birds.
Since we have shown strong evidence for the existence of discrete pairs within the flock, we developed a criterion to identify birds belonging to discrete pairs. We found that the average distance to the nth nearest neighbour follows the power law 〈D i,n 〉 ≈ n 0.5 for n > 1. The exponent is very close to 0.5, indicating that birds were roughly distributed on a 2D plane.
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However, due to the existence of discrete pairs and because 〈D }. This criterion is very similar to that used in previous work 11 . However, since birds in flocks continuously exchange neighbours 51 , an unpaired bird can briefly fly very close to a neighbour and will be falsely identified by this method. Since we continuously tracked flock movement, we eliminated such false detections by requiring D i,j averaged over the entire measured trajectory to satisfy this criterion rather than relying on only a single snapshot 11 .
Neighbour structure and anisotropy factor. For a focal bird i located at x i and its nth nearest neighbour located at x i,n , we calculated the position of a neighbouring bird relative to the focal bird as p i,n = x i,n -x i . We then translated p i,n into a new coordinate system (ξ,η) where +ξ is the flight direction of the focal bird (ignoring u 3 , since u 3 « u 1 ), giving ξ i,n = (p 1
]. We repeated this calculation for all birds within the group. The joint PDFs of ξ i,n and η i,n give the statistics of the spatial position of the nth neighbour. For small topological rank n (n < 7), where one would expect interaction, the statistics of this relative location are highly anisotropic ( Supplementary Fig. 10 and Supplementary Fig. 11a,b) , with a higher probability of finding a neighbour next to, rather than in front of or behind, the focal bird. For higher n (n = 8) these become nearly isotropic ( Supplementary Fig. 11c) , with neighbouring birds distributed randomly in space. To quantify the degree of anisotropy in these structures, we normalized each vector (ξ
). We defined the anisotropy factor γ = 〈dη
〉. The value of γ ranges from -1 to 1 by construction. γ > 0 indicates that the neighbouring bird is more likely to be next to the focal bird, γ < 0 indicates that the neighbouring bird is more likely to be in front or behind, and γ = 0 indicates an isotropic structure where the neighbouring bird is randomly distributed around the focal bird. We also calculated the joint PDFs of ξ i,n and p 3 i,n (the height difference between a focal bird and its nth nearest neighbour). The structure in (ξ
) is more elongated in the ξ direction for larger values of n ( Supplementary Fig. 11d-f) , since flocks are relatively thin in the direction of gravity. However, defining an anisotropy factor based on (ξ ) plane for our analysis. Note that for flocks with fewer than 150 birds (flock Nos. 2-6), the portion of birds on the boundaries is high and may have contaminated the statistics. Thus, we did not analyse neighbour-distribution statistics for these flocks (excluding n = 1, shown in Supplementary Fig. 10 ). )>, where D i,j is the distance between birds i and j and the symbol · denotes an inner product. Since C(r) decreases linearly to zero with increasing r and becomes negative for even larger r (Fig. 4b) , we can define the correlation length r 0 as C(r = r 0 ) = 0 (ref. 23 ).
Self-propelled particle model. To test whether the observed trends in our empirical data (Fig. 4c) would apply to general biological systems containing pair-bonded individuals and unpaired individuals embedded within groups, we modified the simple flocking model developed in ref. 3 . In this model, N selfpropelled particles move at the same speed |u 0 | and align their direction of motion to the average velocity of their neighbours within a metric perception range, with some noise added. The noise was a random number chosen with a uniform probability from the interval [-τ/2, τ /2]. We modified this model (the Vicsek model) using a topological interaction, where each particle interacted with a fixed number of neighbours rather than all neighbours within a certain metric distance. To account for the effect of social relationships, we let some particles interact with three neighbours and others interact with seven. We also added a repulsion zone 53 (with radius r 0 ) for every particle, to prevent particles from forming locally dense clusters. We ran the simulation on a 2D square box of length S with periodic boundary conditions and with a time step Δt. Particle density was defined as ρ = N/S 2 . The parameters were chosen as:
−2 and S = 25 m. The noise level was selected to produce group polarizations similar to those observed in the experiment. We initialized the simulations by setting all the particles as moving in the same direction. After more than 100 time steps, the simulation was stable with particles moving in a new common direction except for tiny fluctuations between individuals ( Supplementary  Fig. 12a-c ). For each P paired , we selected 100 time frames between steps 1,000 and 10,000 at an interval of 100Δt, and repeated this procedure six times to obtained a total of 600 frames. To avoid contamination from the periodic boundary conditions, we used only particles near the centre of the simulation domain (diameter, 2S/3) to calculate correlation length. Sample correlation functions for different levels of P paired are shown in Supplementary Fig. 12d .
Ethics statement.
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A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Data analysis
Image data were processed into trajectories using custom code, which is publicly available and document in H. Ling For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
Data
Policy information about availability of data All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
-Accession codes, unique identifiers, or web links for publicly available datasets -A list of figures that have associated raw data -A description of any restrictions on data availability
We provide six datasets, one for each flock, each including a video showing the time variation of the bird positions and a plain text file that includes bird id number, position, time, velocity, acceleration, and wingbeat frequency at every time step. We also provide a plain text file that includes mean wingbeat frequency, flight speed, and local density (approximated by number of neighbours within a distance of 5 m from the focal bird) for paired and unpaired birds in flocks and alone. All studies must disclose on these points even when the disclosure is negative.
Study description
The study used four synchronised, high-speed cameras to record the movements of flocks of jackdaws (Corvus monedula) flying overhead. From these images we then tracked the movements of every flock member in three dimensions and determined each individual's wingbeat frequency. The study used data from six distinct flocks, ranging in size from 78 to 316 individuals (total = 805 individuals). In each flock, some birds flew together as discrete dyads within the flock, while others were unpaired (mean percentage of paired birds in each flock averaged across timepoints = 15-67%). We used linear mixed models to analyse differences in the wingbeat frequency of paired and unpaired birds within flocks. The mean wingbeat frequency of each individual (in Hz) was fitted as the response term, with paring (paired/unpaired), mean flight speed (m/s) and mean density fitted as explanatory terms. Flock identity was fitted as a random term to control for repeated measures. We also imaged 64 isolated jackdaws that were not part of a flock, and used analysis of variance to compare the wingbeat frequency of isolated birds vs birds in flocks.
Research sample Jackdaws (Corvus monedula) provide an ideal study system to examine the effects of social relationships on collective behaviour because (1) they form life-long monogamous pair-bonds, and paired mates remain in close proximity throughout the year and (2) individuals (including mated pairs, unmated birds and juveniles) come together in large winter flocks. We used four synchronised high-speed cameras for stereo-imaging of flocks flying overhead at a height of approx. 50m. This allowed us to reconstruct the 3D movements and wingbeat frequencies of all flock members. This study used data from six distinct flocking events (805 individuals), with the criteria for inclusion in analyses being (1) flocks contained only jackdaws (so as to avoid any potential confounds caused by species differences); (2) a minimal flock size of at least 90 individuals to allow robust measures of local density and interaction (3) flock images were captured by all four cameras; and (4) flocks were moving primarily in one direction without making large-scale turns. We also recorded 64 birds flying in isolation, to allow statistical comparisons of the wingbeat frequency of birds in flocks vs birds flying alone. Together, this provided us with a large representative sample of both flocking and isolated jackdaws in flight. Moreover, as cameras recorded at 60 frames per second, the total sample size contained over 158,000 datapoints. This provided a rich dataset, allowing us to (i) detect discrete pairs flying together within flocks; (ii) determine the interaction rules of flock members (following established methods developed in classic studies of starlings); (iii) calculate local densities around each flock member and (iv) conduct robust statistical analyses comparing the wingbeat frequency of paired and unpaired birds while controlling for flight speed, density and flock identity and (v) calculate correlation lengths in relation to the proportion of paired birds at each timestep.
Sampling strategy
We attempted to film birds flying to roost between December 2017 and March 2018, targeting days with low probability of rain, and winds forecast to be under 30kph to allow safe operation of the calibration drone (see Data collection). The number of birds filmed on any given day was stochastic, but we present data from six of large flocks and 64 isolated birds, all of which were engaged in a direct transit flight from a pre-roost assembly point to their final roost. This ensures a high level of standardisation in our sampling, and our sample sizes are comparable to or exceed those used in studies of starlings and pigeons (e.g. refs 5, 6, 27 in the manuscript). We note that each frame provides valuable data; given our cameras' frame rate of 60fps our images of 805 birds across 6 flocks (plus 64 isolated birds) provides a very large and tractable sample size that meets all the necessary criteria for analysis (see Research Sample above). To highlight the generality of the patterns we report, we provide figures and data showing that patterns in flock morphology, pair composition, interaction rules and power consumption are consistent in every flock. To compare the mean wingbeat frequency of paired and unpaired birds within flocks, we used Linear Mixed Model Analysis (controlling for flight speed and local density, with flock identity fitted as a random term to account for repeated measures). The sample size of 805 individuals in the LMM far exceeds typical guidelines on the minimum necessary sample size per factor (e.g. while a commonly accepted rule is n/k = 10, our analyses use >260 datapoints per factor).
Data collection
Field data were collected by GM and AT, with assistance from field assistants. All data were collected using a stereo-imaging system with four cameras (Basler ace acA2040-90um, pixel size of 5.5 μm, sensor resolution of 2048x2048 pixels, up to 90 frames per second) mounted on tripods. Two pairs of cameras were separated by 50~60 m. The distance between each camera in a pair was 8~10 m. All cameras pointed to the sky with an angle to the horizontal plane of 60 degrees. We connected each pair of two cameras to one laptop (Thinkpad P51 Mobile Workstation) via USB 3.0 ports. Each camera was fitted with a lens with a focal length of 8 mm and an angle of view of 71 degrees (Tamron, M111FM08). We connected each pair of two cameras to one laptop (Thinkpad P51 Mobile Workstation) via USB 3.0 ports. The laptops provided power to the cameras and served as data storage device (512 GB SolidState Drive, and 2 TB Hard Drive). The four cameras were precisely synchronized by external signals generated by a function generator (Agilent 33210A). Each camera was fitted with a lens with a focal length of 8 mm and an angle of view of 71 degrees (Tamron, M111FM08). The system was able to image an area of 60x60 m2 with uncertainty of 4.0 cm/pixel at a height of 50 m. The overall imaging system is very portable and can be moved easily from one location to another on different days to ensure the capture of flock images. The researcher controlled the laptop and function generator from inside a hide, so as to avoid disturbing birds flying overhead.
We established typical flight trajectories through intensive behavioural observations of jackdaws approaching roosts in the vicinity of the villages of Mabe and Gwennap, Cornwall, UK. The relatively predictable flight trajectories allowed us to position our cameras so as to capture flocks flying overhead at a height of ~50 m. We set cameras up in the field in locations where jackdaws were likely to fly overhead in the early afternoon (several hours before jackdaws began flying towards their evening roosts. This allowed us to calibrate camera parameters well in advance of the first jackdaws arriving. Stereo-imaging relies on matching the two-dimensional (2D) coordinates of an object as recorded on multiple cameras. This requires knowledge of camera parameters such as positions and nature research | reporting summary
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orientations (extrinsic parameters) and focal lengths and principle points (intrinsic parameters). We calibrated camera parameters following a procedure developed by Theriault et al. (2014) . First, we flew a drone that carried two balls of different sizes (10 and 12 cm) through the tracking volume. The distance between the two balls was fixed at 1 m, which provided a physical scale for our calibration. We recorded a series of images of the two balls on each of the four cameras as the drone flew through the tracking volume. Then, we determined the locations of balls in each 2D image and generated more than 300 sets of matched points between the cameras. Using these matched 2D points, we approximated the fundamental matrix of each camera and the 3D positions of the matched points using the eight-point algorithm (Hartley & Zisserman 2004) . Finally, the camera parameters were refined by sparse bundle adjustment (Furukawa & Ponce 2009 ).
Timing and spatial scale We attempted to record flocks every week day when weather permitted (no precipitation and windspeeds below 30kph) between December 2017 and March 2018. Images were recorded in the vicinity of established corvid roosts near Gwennap and Mabe, Cornwall, UK (nr 50°12'34N, 5°10'50W; 50°13'07N, 5°10'20W; 50°09'40N, 5°07'51W). For successful data collection, we required (1) clement weather conditions allowing us to fly the drone and calibrate camera parameters (see above) and (2) birds to fly through the frame of view captured by all four cameras.
Data exclusions
From all our successful recording events (as described above), we only analysed events that met the necessary, pre-established criteria of (1) comprising only jackdaws, to avoid confounds introduced by species differences; (2) a minimal flock size of at least 90 individuals to allow robust measures of local density and interaction and (3) flocks were moving primarily in one direction without making large-scale turns.
Reproducibility
We ensured reproducibility by analysing images of flocks collected on different days and in different locations, so as to avoid pseudoreplication. We can thus be confident that our data represent a robust sample of jackdaw flocks. As our figures and data show, the patterns we report are consistent across flocks.
Randomization
The study was not experimental, and so did not involve allocation of samples to experimental groups. In analyses of wingbeat frequency, covariates (fixed effects: flight speed, local density; random effects: flock identity) were controlled statistically by including them in linear mixed models.
Blinding
Blinding was not relevant or necessary to the study. All data are based on individual trajectories and kinematics derived directly from recorded images of jackdaws in flight.
Did the study involve field work?
Yes No
Field work, collection and transport
Field conditions
Fieldwork was conducted near known corvid roosts in the vicinity of the villages of Gwennap and Mabe in Cornwall, UK. Due to the sensitivity of the camera equipment, data could only be collected when there was no precipitation. The temperature range on days of data collection was 2-10°C and wind speed ranged from 9-29kph.
Location
Images were recorded in the vicinity of established corvid roosts near Gwennap and Mabe, Cornwall, UK (nr 50°12'34N, 5°1 0'50W; 50°13'07N, 5°10'20W; 50°09'40N, 5°07'51W).
Access and import/export
Local land-owners kindly granted permission for us to work on their land.
Disturbance
To minimise disturbance, the researcher controlled the laptop and function generator from inside a hide, where (s)he could not be seen by birds flying overhead.
Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
